Introduction {#Sec1}
============

The first reported outbreak of porcine epidemic diarrhea (PED) was in England in 1971. PED is characterized by acute enteritis, watery diarrhea, weight loss, dehydration, and high mortality in neonatal piglets \[[@CR1]\]. Since PED virus (PEDV) was first identified in Belgium in 1976, it has spread widely to many Asian countries, including Japan, China, South Korea, and Thailand \[[@CR1], [@CR2]\], and also to North America \[[@CR3]--[@CR5]\].

PEDV is an enveloped, positive single-stranded RNA virus that belongs to the genus *Alphacoronavirus*, family *Coronaviridae*, order *Nidovirales*. The genome contains two large open reading frames (ORFs), 1a and 1b, encoding replicase polyproteins pp1a and pp1ab, respectively. Four other ORFs encode a spike protein, an envelope protein, a membrane protein, and a nucleocapsid protein, and ORF3 is an accessory gene. The spike (S) protein is a type I glycoprotein that consists of a signal peptide, an ectodomain carrying neutralizing epitopes, a transmembrane domain, and a short cytoplasmic domain \[[@CR2], [@CR6]--[@CR10]\]. It is an important viral surface glycoprotein that mediates receptor binding and virus entry \[[@CR2]\]. Some important epitopes of the S protein induce the production of neutralizing antibodies \[[@CR6], [@CR7], [@CR9]\].

Mucosal immunization provides local and systemic protection \[[@CR11], [@CR12]\]. Lavelle et al. demonstrated that oral vaccination induces protective mucosal antibodies against pathogens invading the mucosa \[[@CR11]\]. The heat-labile enterotoxin B (LTB) of *Escherichia coli* is an immunogen that is involved in both mucosal and systemic immune responses \[[@CR13], [@CR14]\]. It also plays a critical role as a carrier and adjuvant of coadministered antigens \[[@CR15]\] and facilitates bypassing of mucosal epithelial cells. Consequently, antigen-specific lymphocytes migrate from the mucosa-associated lymphoid tissue to the peripheral mucosal tissue via the circulatory system.

Adenovirus vectors are the most commonly used vectors for gene therapy. They are used in vaccine development to express foreign antigens because of their nonintegrating episomal gene expression and transduction ability \[[@CR16]\]. The most common adenoviral vectors are lacking the E1 and/or E3 coding regions, making them replication defective \[[@CR17]--[@CR19]\] because the E1A protein is required for adenovirus replication. The E1A protein is involved in the expression of approximately 20 delayed-early genes in the E1B, E2, E3, and E4 units and alter the expression of cellular genes \[[@CR18]\]. The p53 suppressor induces apoptosis in cells by mechanical damage and environmental stressors. The E1B protein inhibits p53-dependent apoptosis and protects the viral and cellular genome to provide optimal conditions for virus production \[[@CR18], [@CR20]\]. As a result, E1-deleted adenoviruses are replication defective and replicate only in cells that contain the E1 region of the adenovirus genome, such as human embryonic kidney (HEK) 293 cells \[[@CR19]\].

In this study, we attempted to produce a mucosal vaccine using recombinant adenovirus carrying a core neutralizing epitope (COE) (amino acids 490--790) of PEDV and LTB of *E. coli*. The mucosal vaccine was evaluated for humoral, mucosal, and cellular immune responses in BALB/c mice and piglets. The neutralizing activity of antibodies against PEDV was also investigated.

Materials and methods {#Sec2}
=====================

Construction of a recombinant adenovirus vector containing the LTB and COE gene {#Sec3}
-------------------------------------------------------------------------------

The *E. coli* LTB gene and the PEDV spike gene, which encodes neutralizing epitopes (amino acids 490--790), were synthesized and cloned into the multiple cloning site of the plasmid pET-30a(+) (Merck Millipore, Germany). The resulting plasmid is referred to as pET-His-LTB-COE in this study.

The recombinant adenovirus vector was constructed using an AdenoOne^TM^-Cloning and Expression Kit (SIRION Biotech, Germany). The entire transgene cassette of His-LTB-COE was subcloned into the pO6A5-CMV vector (SIRION Biotech, Germany) using the pET-His-LTB-COE plasmid. The resulting shuttle vector, pO6A5-CMV-LTB-COE, was introduced by transformation into *E. coli* BA5-FRT (SIRION Biotech, Germany), which contains SIR-BAC-Ad5 and the E1/E3-deleted Ad5 genome. Following transformation, the recombination between the shuttle vector and the BAC vector occurred, mediated by flippase recombinase. After recombination, the cells were inoculated onto Luria--Bertani (LB) agar plates supplied with 25 μg of chloramphenicol and 25 μg of kanamycin per ml and grown overnight at 37 °C to select positive clones. Recombinant clones were grown on selective LB agar plates and were found to be positive for the transgene by PCR. Purified BAC-DNA was linearized by Pac I digestion for transduction of HEK293 cells.

Recovery and propagation of the recombinant adenovirus in HEK293 cells {#Sec4}
----------------------------------------------------------------------

HEK293 cells were seeded in six-well plates one day before transfection. The cells were transfected with the linearized recombinant adenoviral DNA according to the manufacturer's instructions and incubated for 3 days at 37 °C until the cells showed a complete cytopathic effect (CPE). The cells were then harvested, and the viral particles were released using the freeze-thaw method.

The viral particles were passaged in HEK293 cells at a multiplicity of infection (MOI) of 2. Viral particles were purified using an AdenoONE^TM^-Purification Kit (SIRION Biotech, Germany) following the manufacturer's instructions. The virus is referred to as rAd‐LTB‐COE in this study. The purified virus was aliquoted and stored at − 80 °C.

Expression analysis {#Sec5}
-------------------

HEK293 cells were cultured and transduced with rAd-LTB-COE at an MOI of 1. Sampling of the culture supernatant was performed at 48 and 72 h post-transduction, followed by a tenfold concentration step using an Amicon^®^ Ultra Centrifugal Filter Unit (Merck, Germany). A negative control was prepared from untransfected HEK293 cells. The expressed target protein was purified using a Capturem™ His-Tagged Purification Kit (Clontech, USA). The His-tag-LTB-COE protein detection was performed using an anti-His-tag monoclonal primary antibody (diluted 1:1000) (Cell Signaling Technology, USA) or anti-PEDV antibody (diluted 1:500) (Median, Korea) and a goat anti-mouse IgG (H+L) secondary antibody conjugated to horseradish peroxidase (HRP) (diluted 1:1000) (Cell Signaling Technology, USA). The bands were visualized using a DAB Substrate Kit (Vector Laboratories, USA).

Immunogenicity of recombinant adenovirus in BALB/c mice {#Sec6}
=======================================================

Animals and vaccinations {#Sec7}
------------------------

Female BALB/c mice at 5 to 6 weeks of age were immunized three times at two-week intervals with rAd-LTB-COE or a commercial live vaccine based on the DR13 strain (K vaccine) (Table [1](#Tab1){ref-type="table"}). The mice were kept under specific-pathogen-free conditions. For intramuscular immunization, 50 μl of the vaccine was injected into the left or right thigh muscle. For oral immunization, the mice were manually restrained by firmly gripping a fold of the skin from the scruff of the neck down the back. A 22-gauge ball-tip needle was used for administration of the vaccine. The needle was passed gently through the mouth to reach the pharynx. The vaccine was then administered slowly. The animal experiments were approved by the Institutional Animal Care and Use Committee (approval number: KW-181031-1) and performed at the Center for Animal Experiments at Kangwon National University.Table 1Design of the immunization experiment in BALB/c miceGroupNumber of miceVaccine categoryImmunizing doseRoute of administrationNumber of immunizationsI14rAd-LTB-COE100 μl (10^7^ TCID~50~)Intramuscular (IM)3II14rAd-LTB-COE100 μl (10^7^ TCID~50~)Oral (OR)3III14K vaccine100 μl (10^4.5^ TCID~50~)Intramuscular (IM)3IV10PBS100 μlIntramuscular (IM)3

Blood samples were collected at 14, 21, 28, 35, and 42 days after the first immunization for IgG ELISA and neutralizing antibody titration. Feces samples were collected at 14, 21, 28, 35, and 42 days post-immunization (dpi) for IgA ELISA analysis. To obtain fresh feces, the mice were lifted from the cage by the base of the tail, and a tube was pressed gently beneath the anus. Alternatively, the mice were put into a metabolic cage for up to 30 min, and the feces were collected. Three mice of the vaccinated groups and two mice of the PBS group were killed using CO~2~ at 14, 28, 35, and 42 dpi. Splenocytes from each mouse were isolated and cultured in two wells of a 24-well plate for IFN-γ measurement.

ELISA {#Sec8}
-----

**IgG ELISA:** To measure the antigen-specific antibody titer in immunized sera, 96-well ELISA plates were coated overnight with 100 ng of synthetic S protein in 100 μl of coating buffer per well at 4 °C. Plates were blocked for 2 h with 5% skim milk, and diluted sera were added and incubated at 37 °C for 1 h. Plates were developed with a secondary antibody, HRP-conjugated goat anti-mouse IgG H&L (Abcam, UK), at 37 °C for 1 h. Reactions with the 3,3′,5,5′-tetramethylbenzidine substrate (Sigma-Aldrich, USA) was stopped by adding 2N H~2~SO~4~, and the OD was read at 450 nm.

**IgA ELISA:** Fecal IgA was measured according to Ferguson et al. \[[@CR21]\]. In brief, 0.1 g of feces was mixed with 1 ml of extraction buffer (PBS, pH 7.4, 0.5% Tween 20, and 0.05% sodium azide). The samples were homogenized and centrifuged at 1,500 × *g* for 20 min at 4 °C. Two hundred microliters of the suspension was transferred to a tube containing 2 μl of a protease inhibitor cocktail (Sigma-Aldrich, USA), and the supernatant was collected by centrifugation at 10,000 × *g* for 10 min \[[@CR21]\].

Antigen-specific mucosal IgA was detected by ELISA, using a synthetic S protein for coating the plate (100 ng/0.1 ml per well), and HRP-conjugated goat anti-mouse IgA (Abcam, UK) was used for detection. The procedure was the same as the one used for IgG ELISA.

Detection of IFN-γ {#Sec9}
------------------

Splenocytes from immunized mice were collected, and 1 × 10^7^ cells/well were plated in 24-well plates with RPMI1640 (Gibco, Ireland) containing 10% fetal bovine serum (FBS) (Gibco, Ireland) and 1% antibiotic-antimycotic (Gibco, Ireland). Splenocytes were stimulated with 5 μg of synthetic S protein per ml, and, after 72 h, the supernatant of the splenocyte cultures was harvested and analyzed using an IFN-γ detection kit (Abcam, UK) according to the manufacturer's instructions. The concentration (pg/ml) of IFN-γ was calculated.

Virus-neutralizing antibody {#Sec10}
---------------------------

Neutralizing antibodies of serum samples were determined using the PEDV vaccine strain SM98 and the emerging PEDV isolate HID9051. The virus neutralization test was performed as described previously by Lee et al. \[[@CR22]\], with some modifications, in 96-well microtiter plates. Briefly, Vero cells were grown at 2 × 10^5^ cells/well in 96-well plates. Two hundred TCID~50~ of PEDV (50 μl) was mixed with an equal volume of a twofold serial dilution of serum and incubated at 37°C for 1 h, followed by the inoculation onto Vero cells at 37°C for 1 h. After the mixture was removed, the cells were washed three times with PBS, maintained in DMEM (Gibco, Ireland) containing 2% FBS and 1% antibiotic-antimycotic (for PEDV strain SM98) or 0.02% yeast extract, 0.3% tryptose phosphate broth, 5 μg/ml of trypsin, and 1% antibiotic-antimycotic (for PEDV isolate HID9051), and incubated at 37°C in a 5% CO~2~ atmosphere for 7 days. The neutralization titer of each serum sample was calculated using the highest dilution of serum that inhibited virus-specific CPEs \[[@CR22]\].

Immunogenicity of rAd-LTB-COE in piglets {#Sec11}
----------------------------------------

To assess the immunogenicity of rAd-LTB-COE, seven (3-week-old) piglets that were serologically negative for PEDV were housed at the laboratory animal facility in accordance with the Institutional Animal Care and Use Committee (approval number: KW-190618-1). Three piglets of group I and two piglets of group II were immunized intramuscularly or orally at 2-week intervals with 10^10^ TCID~50~ of rAd-LTB-COE per ml. One piglet was immunized intramuscularly and given a boost after 2 weeks with one dose containing 10^6.5^ TCID~50~ of a commercial inactivated PEDV vaccine (H vaccine, Korea) based on the PEDV isolate (group III). One piglet was given sham-vaccinations with PBS as a control (group IV).

Serum samples were collected at 0, 14, 21, and 28 dpi for IgG and IgA ELISA and neutralizing antibody tests. For the ELISA, plates were coated with 50 ng of synthetic S protein per well, and goat anti-pig IgG (HRP) (Abcam, UK) or goat anti-pig IgA (HRP) secondary antibody was used to determine IgG and IgA levels in the sera. Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples collected at 21 and 28 dpi. 1 × 10^7^ cells/well were plated in 24-well plates and stimulated with 5 μg of S protein. The level of IFN-γ in the PBMC culture supernatants was assessed using a Pig IFN-γ ELISA Kit (Abcam, UK). The neutralizing activity of the sera against PEDV SM98 and HID9051 was tested.

Statistical analysis {#Sec12}
--------------------

Statistical analysis was performed and graphs were produced using the GraphPad 6 program. The level of IFN-γ was calculated using linear regression. Two-way ANOVA (Tukey's multiple comparisons test) was used to compare and determine the significance of differences in the titers of IgG, IgA, serum neutralizing antibodies, and the level of IFN-γ. Statistically significant differences are indicated as follows: \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.

Results {#Sec13}
=======

Construction and characterization of rAd-LTB-COE {#Sec14}
------------------------------------------------

The replication-defective Ad5 vector encoding LTB and COE was constructed by cloning the transgene cassette of His-LTB-COE into the pO6A5-CMV vector (Fig. [1](#Fig1){ref-type="fig"}a). The recombinant rAd-LTB-COE was successfully rescued in HEK293 cells after transduction, and CPE was observed, as shown in Fig. [1](#Fig1){ref-type="fig"}b. After serial passaging in HEK293 cells, the virus titer was calculated as TCID~50~ using the Reed--Muench method, with values of 10^5.5^, 10^7.5^, and 10^9^ at the 5^th^, 10^th^, and 15^th^ passage, respectively.Fig. 1(a) Genetic structure of the recombinant adenovirus rAd-LTB-COE. The recombinant virus was constructed by the insertion of a transgene cassette, His-tag-LTB-COE, into the Ad5 vector. (b) Rescue of the recombinant rAd-LTB-COE in HEK293 cells with specific CPEs

Expression of the LTB-COE protein {#Sec15}
---------------------------------

The culture supernatant of rAd-LTB-COE-infected HEK293 cells was harvested at 2 and 3 days post-inoculation. The size of the fused protein His-tag-LTB-COE (63 kDa) was verified by western blot analysis using an anti-His-tag or anti-PEDV antibody (Fig. [2](#Fig2){ref-type="fig"}). However, the protein was approximately 14 kDa larger than the calculated molecular weight (49 kDa), and this difference is related to the glycosylation in the S protein domain, resulting in a higher molecular weight of the expressed fusion protein \[[@CR23], [@CR24]\].Fig. 2Expression of the fused His-tag-LTB-COE protein in culture media of HEK293 cells infected with rAd-LTB-COE or not infected (control). The fused His-tag-LTB-COE protein was expressed in HEK293 cells by the recombinant adenovirus rAd-LTB-COE and purified using a commercial kit. Western blotting using anti-His-tag antibodies detected the target protein at 48 h post-inoculation (lane 2) and 72 h post-inoculation (lane 3). The control is shown in lane 1. The fused His-tag-LTB-COE protein was detected using an anti-PEDV antibody (lane 4). The control is shown in lane 5

S-protein-specific IgG production in immunized mice {#Sec16}
---------------------------------------------------

To investigate the efficacy of rAd-LTB-COE, we immunized BALB/c mice and examined the levels of anti-S IgG in the serum using ELISA. We confirmed the immunogenicity of rAd-LTB-COE and compared it with that of the K vaccine, which has been widely used in Korea and other Asian countries but gives poor protection against newly emerging PEDV strains \[[@CR22]\]. As shown in Fig. [3](#Fig3){ref-type="fig"}, the mice that were immunized intramuscularly with rAd-LTB-COE produced significantly higher levels of IgG than the three other groups at 35 dpi. These levels were maintained for 42 days. On the other hand, the oral rAd-LTB-COE immunization group showed IgG production similar to the K vaccine immunization group; thus, intramuscular injection of recombinant rAd-LTB-COE can induce a significant humoral immune response in mice.Fig. 3S protein-specific IgG antibody levels in sera of four immunized groups of mice. The group with rAd-LTB-COE intramuscular immunization showed significantly higher specific IgG levels than the other immunized groups and the control group. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001

S-protein-specific secretory IgA production in immunized mice {#Sec17}
-------------------------------------------------------------

Mucosal antibodies are the primary source of protection against gastroenteric viral infections in pigs \[[@CR25]\]. To assess the ability of the vaccine candidate to induce specific mucosal antibodies, intestinal secretory IgA (sIgA) was detected in feces of immunized mice using ELISA. Mice immunized with rAd-LTB-COE showed significantly higher levels of sIgA for both intramuscular and oral immunization than mice immunized with the K vaccine and PBS. The antibody production peaked at 42 dpi with a mean sIgA titer of 4 log~2~ and 5.3 log~2~ for intramuscular and oral administration, respectively. In addition, the rAd-LTB-COE oral group showed higher sIgA levels than the rAd-LTB-COE intramuscular group, but the difference was not statistically significant. Although the K vaccine group also produced sIgA at significantly higher levels than the PBS group, with the highest sIgA levels being 2 log~2~ at 42 dpi, they were lower than the levels in the rAd-LTB-COE groups (Fig. [4](#Fig4){ref-type="fig"}). This indicates that both intramuscular and oral administration of rAd-LTB-COE induce significant levels of sIgA.Fig. 4S-protein-specific sIgA levels in the feces of mice immunized intramuscularly with rAd-LTB-COE, orally with rAd-LTB-COE, intramuscularly with K vaccine or intramuscularly with PBS, detected using ELISA. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001

Cell-mediated immune response (IFN-γ induction) {#Sec18}
-----------------------------------------------

IFN-γ plays an important role as the first line of host defense in viral infection \[[@CR25]\]. To determine whether the candidate vaccine induced cell-mediated immune responses, specifically the production of IFN-γ, splenocytes from the experimental mice were collected, cultured, and stimulated with synthetic S protein, and IFN-γ levels were measured using indirect ELISA. Like IgG, IFN-γ levels in the rAd-LTB-COE intramuscular group were significantly higher than those in the rAd-LTB-COE oral group, the K vaccine intramuscular, and the PBS intramuscular group, at 28 dpi (*P* \< 0.05, *P* \< 0.01, *P* \< 0.001), 35 dpi (*P* \< 0.001), and 42 dpi (*P* \< 0.001), respectively. The other two vaccinated groups, rAd-LTB-COE oral and K vaccine, showed increased IFN-γ levels compared with the PBS group. However, no difference in the IFN-γ levels was observed between the rAd-LTB-COE oral group and the K vaccine intramuscular group (Fig. [5](#Fig5){ref-type="fig"}). This indicates that rAd-LTB-COE elicits a cellular immune response in immunized mice.Fig. 5The cellular immune responses to rAd-LTB-COE in four groups of mice were evaluated. The IFN-γ levels were determined in splenocyte cultures using ELISA. Bars represent the mean ± SE in each group. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001

Neutralizing antibody against PEDV {#Sec19}
----------------------------------

Neutralizing antibody levels against PEDV are an indicator of vaccine efficacy. Serum samples were therefore collected at 35 and 42 dpi, and the neutralizing antibody activity against the PED vaccine strain SM98 and the emerging isolate HID9051 was examined. Sera from the rAd-LTB-COE intramuscular group inhibited SM98 and HID9051 with mean neutralizing antibody titers of 5 log~2~ and 3.6 log~2~ at 42 dpi, respectively (Fig. [6](#Fig6){ref-type="fig"}a, and b). The neutralizing antibody levels in the sera of the rAd-LTB-COE oral group were higher than those of the K vaccine intramuscular group, with a mean of 3.8 log~2~ and 2.2 log~2~ against SM98, 2 log~2~ and 1.2 log~2~ against HID9051 at 42dpi, respectively (Fig. [6](#Fig6){ref-type="fig"}a and b). In contrast, no inhibiting activity was observed in the PBS intramuscular group. Taken together, the data indicate that the rAd-LTB-COE vaccine elicits potent neutralizing antibodies against both the PED vaccine strain and the emerging PEDV isolate.Fig. 6Neutralizing antibodies in sera of mice immunized intramuscularly with rAd-LTB-COE, orally with rAd-LTB-COE, intramuscularly with K vaccine or intramuscularly with PBS against PEDV SM98 (a) and HID9051 (b) at 35 and 42 dpi. Bars represent the mean ± SE in each group. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001

Immune responses induced by rAd-LTB-COE in piglets {#Sec20}
--------------------------------------------------

In this study, we conducted a small-scale experiment in piglets and compared the efficacy of our vaccine candidate with that of a commercial inactivated vaccine. All vaccinated piglets showed high levels of S-protein-specific IgG at 14 dpi and had high IgG titers of 5 log~2~ and 7 log~2~ at 21 and 28 dpi, respectively (Fig. [7](#Fig7){ref-type="fig"}a). Notably, rAd-LTB-COE stimulated the production of higher IgA titers in serum than did the H vaccine (Fig. [7](#Fig7){ref-type="fig"}b). In addition, the candidate vaccine induced a cell-mediated immune response with similar IFN-γ levels and induced similar neutralizing titers against PEDV SM98 and HID9051 to those induced by the H vaccine (Fig. [7](#Fig7){ref-type="fig"}c and d). These results show that the rAd-LTB-COE vaccine candidate has good immunogenicity in piglets.Fig. 7Immunogenicity of rAd-LTB-COE in piglets. Piglets 1, 2, and 3 were immunized intramuscularly with rAd-LTB-COE. Piglets 4 and 5 were immunized orally with rAd-LTB-COE. Piglet 6 was vaccinated intramuscularly with the H vaccine. Piglet 7 was given mock-vaccinations with PBS. (a) S protein-specific IgG levels and (b) S protein-specific IgA levels in the sera of immunized piglets. (c) IFN-γ levels in the PBMC cultures of the immunized piglets at 21 and 28 dpi. (d) Neutralizing antibody titers against PEDV SM98 and emerging PEDV HID9051 at 28 dpi in the sera of piglets

Discussion {#Sec21}
==========

Inactivated or live vaccines have been conventionally used to control PED \[[@CR25]\]. However, those vaccines have numerous disadvantages. First, it is difficult to maintain the growth of emerging PEDV strains in cell culture; thus, PEDV loses its infective potential during passaging \[[@CR26]\]. In addition, the emergence of new PEDV variants \[[@CR27], [@CR28]\] increases the need for novel vaccine strategies to prevent PED.

Numerous studies have examined immune responses induced by recombinant adenoviruses carrying coronaviral genes. Liu et al. expressed the N-terminus of the severe acute respiratory syndrome coronavirus S protein using a recombinant adenovirus, which induced strong humoral immune responses in rats \[[@CR29]\]. Human adenovirus type 5 was used to express the full-length S gene of porcine respiratory coronavirus (PRCV), and neutralizing antibodies were produced that partially protected against a PRCV challenge \[[@CR30]\].

LTB has been used as an adjuvant for vaccines to support host immune responses \[[@CR31]--[@CR34]\]. Hashigucci et al. showed that higher hemagglutination inhibition and sIgA antibody titers could be observed in the respiratory tract of volunteers who were immunized with a combination of the inactivated influenza virus and LTB than in people immunized with the inactivated influenza vaccine alone \[[@CR31]\]. Ge et al. generated *Lactobacillus casei* (Lc) expressing COE or LTB-COE and immunized mice orogastrically. Lc-COE or Lc-LTB-COE immunization resulted in the production of IgG and sIgA and could neutralize PEDV \[[@CR35]\]. To our knowledge, the immunogenicity of a recombinant adenovirus containing both LTB and PEDV protein has not been reported. Therefore, we generated a recombinant adenovirus carrying the LTB and PEDV COE (amino acids 490--790) \[[@CR2], [@CR6]--[@CR10]\]. The LTB-COE fusion protein (63 kDa) was confirmed *in vitro*, and the replication-defective rAd-LTB-COE adenoviruses did not show any side effects in immunized mice and piglets.

Next, we evaluated the immunogenicity of the rAd-LTB-COE candidate vaccine (intramuscular and oral immunization) in BALB/c mice. Interestingly, our vaccine strategy showed a significant increase in antigen-specific antibody levels. The rAd-LTB-COE vaccine elicited a robust humoral immune response at 14 dpi, and high antibody levels were maintained throughout the experiment. In a previous study, Tuboly et al. constructed a recombinant adenovirus type 5 carrying the full-length S gene of TGEV, which induced high levels of antigen-specific IgG in the sera of immunized pigs with a mean of 7 log~2~ at 21 dpi \[[@CR16]\]. Higher titers of specific IgG with a mean of 8 log~2~ in sera of mice immunized with rAd-LTB-COE at 42 dpi were observed in this study. Furthermore, rAd-LTB-COE induced significantly higher levels of IFN-γ in immunized mice at 28, 35, and 42 dpi than were found in the K vaccine group. In a study by Wang et al., mice were orally immunized with Lc expressing a fused protein of a dendritic-cell-targeting peptide and COE that induced up to 1.7 pg of IFN-γ per ml \[[@CR36]\]. Our candidate vaccine induced significantly higher amounts of IFN-γ (\~ 100 pg/ml) in the supernatant of splenocyte cultures. Therefore, our vaccine strategy is successful in inducing both humoral and cellular immunity against PEDV.

Some researchers have tried to enhance the mucosal immunity and produce protective mucosal antibodies against PEDV, but effective vaccines have not been commercialized yet. Ideal mucosal vaccines against PEDV need to be designed to promote both mucosal and systemic immunity. Primary protection is achieved through sIgA antibodies \[[@CR25]\]. sIgA is more resistant to the proteolysis in the intestinal tract and neutralizes PEDV infections better than IgG or IgM \[[@CR37]\]. In this study, rAd-LTB-COE induced significant titers of specific sIgA in the feces of immunized mice. The levels of specific sIgA in the feces of mice intramuscularly or orally immunized with rAd-LTB-COE were significantly higher than those in the K vaccine group. Our results are consistent with a previous study in which a fusion protein of LTB and COE could induce high levels of specific sIgA in the mucosal tract \[[@CR35]\]. In addition, the rAd-LTB-COE oral group showed higher sIgA titers than the intramuscular group, which could be explained by enhanced mucosal immunity in the oral cavity and the digestive tract, as described by Song et al. \[[@CR37]\]. These results suggest that the recombinant adenovirus expressing the LTB-COE fused protein is a novel vaccine strategy for protection against PEDV.

Neutralizing antibodies critically protect against viral infections, but the cross-protection of current PEDV vaccines against new field viruses has been shown to be weak \[[@CR8]\]. Sows immunized twice with a DR13-based vaccine produced neutralizing antibody titers in the sera with means of 5 log~2~ against homologous PEDV \[[@CR37]\]. Immunization with Lc expressing a fused protein of a dendritic-cell-targeting peptide and COE in BALB/c mice could raise neutralizing antibody titers against PEDV to a mean of 4.6 log~2~ \[[@CR36]\]. A study by Lin et al. \[[@CR38]\] showed that commercial vaccines based on the PEDV strain CV777 or DR13 failed to protect piglets against challenge with a field strain. In our study, neutralizing antibodies induced by rAd-LTB-COE in BALB/c mice neutralized both the PEDV genogroup I SM98 and the emerging genogroup II HID9051, with mean titers of 5 log~2~ and 3.6 log~2~, respectively. This indicates that the neutralizing epitope sequence (amino acids 490--790) of the S protein and high levels of the anti-S antibodies provide better protection against PEDV infection. In summary, rAd-LTB-COE induces strong humoral, mucosal, and cell-mediated immune responses in BALB/c mice.

To determine how rAd-LTB-COE induces immune responses in piglets, we vaccinated piglets twice with the candidate vaccine or the H vaccine. The results showed that rAd-LTB-COE could induce humoral as well as cell-mediated immune responses in piglets. rAd-LTB-COE vaccination also produced higher titers of IgA in the serum than the H vaccine. Furthermore, rAd-LTB-COE induced the production of neutralizing antibodies against PEDV SM98 and HID9051 at levels similar to those induced by the H vaccine. This could be explained by the similarity in the amino acid sequences of their S proteins, which play a critical role in the production of neutralizing antibodies \[[@CR6], [@CR7], [@CR9]\]. These results illustrate that rAd-LTB-COE has good immunogenicity not only in BALB/c mice but also in piglets. Further studies in neonatal piglets farrowed from the sows vaccinated with rAd-LTB-COE are needed to assess the effect of maternal immunity and to evaluate the protection against PEDV infection in challenge experiments.

To our knowledge, this is the first study on the immunogenicity of the recombinant adenovirus expressing the fusion protein LTB-COE. Our results indicate that rAd-LTB-COE can be used as a novel mucosal vaccine and is a strong candidate for the next generation of PED vaccination strategies that will generate broad-range protection against multiple PEDV strains.
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